We report the determination of the DNA sequence of the long repeat (RL) region and adjacent parts of the long unique (UL) region in the genome of herpes simplex virus type 2 (HSV-2) strain HG52. The DNA sequences and genetic content of the extremities of HSV-2 UL were found to be closely similar to those determined previously for HSV-1. The 5658 bp sequenced at the left end of HSV-2 UL contained coding regions for genes UL1 to UL4 plus part of UL5. The 4355 bp sequenced at the right end Of UL contained coding regions for part of gene UL53, and the whole of genes UL54 to UL56. Comparison of the HSV-1 and HSV-2 UL56 sequences led to a correction in the published HSV-1 UL56 reading frame. The HSV-2 R L region, including one copy of the a sequence, was determined to be 9263 bp, with a base composition of 75-4% G+C and with many repetitive sequence elements. In HSV-2 RL, sequences were identified corresponding to HSV-1 genes encoding the immediate early IE110 (ICP0) transcriptional regulator and the ICP34.5 neurovirulence factor; the former HSV-2 gene was proposed to contain two introns, and the latter one intron. Downstream of the HSV-2 immediate early gene, the RE sequence encoding the latency-associated transcripts (LATs) was found to be dissimilar to that in HSV-1; the probable LAT promoter regions, however, showed similarities to HSV-1. Properties of the LAT sequences in both HSV-1 and HSV-2 were consistent with LATs being generated as an intron excised from a longer transcript.
Introduction
We have previously described the genomic DNA sequence of herpes simplex virus type 1 (HSV-I) strain 17 (McGeoch et al., 1985 . The 152 kbp sequence was interpreted as containing 70 distinct genes of which two, located in the major repeat elements of the genome, were present in two copies each. Many of the proposed genes had no significant previous characterization and further studies will be necessary to authenticate them fully. Nevertheless, we considered the interpretation to be generally convincing, and in most of the genome to leave little room for additional genes or other functional sequences.
The major exception to this evaluation was the long repeat region (RL; . This 9 kbp element is present in two copies (TRL and IRL) which flank the long unique region (UL) in opposing orienThe nucleotide sequence data reported in this paper will appear in the EMBL, DDBJ and GenBank nucleotide sequence databases under the accession numbers D01127 and D01128.
tations (see Fig. 1 ). One well characterized gene was recognized in R L, encoding the immediate early transcriptional regulatory protein IE 110 or ICP0; this gene is flanked by substantial sequences the roles of which were less well defined. Downstream of the IE110 gene is a region of some 3500 bp which has not been assigned any protein coding function but which is the major locus of transcription in neurons latently infected with HSV-1, giving rise to RNA species termed latency-associated transcripts (LATs) (Stevens et al., 1987; Rock et al., 1987; Spivack & Fraser, 1987; Wagner et al., 1988a, b) . The function of these RNAs remains obscure, although it has been observed that some HSV-1 variants defective in LAT expression show impaired reactivation from latency in animal models (Leib et al., 1989; Steiner et al., 1989) . On the other side of the IE110 gene is a region in which and Ackermann et al. (1986) have mapped sequences encoding a protein termed ICP34.5 in HSV-1 strain F, and identified a candidate open reading frame (ORF) for ICP34.5. In the HSV-1 strain 17 sequence, however, this ORF was not conserved and there was no satisfactory alternative 0001-0427 © 1991 SGM . This conflict has recently been resolved by revision of both the strain F and strain 17 sequences A. Dolan, E. McKie, A. R. MacLean & D. J. McGeoch, unpublished data) , adding a further gene to the complement recognized for strain 17. ICP34.5 appears to be an important determinant of viral neurovirulence in HSV-1 , and in HSV-2 a neurovirulence determinant maps to an equivalent region of the genome (Taha et al., 1989a (Taha et al., , b, 1990 .
D. J. McGeoch and others
The present paper describes the determination of the DNA sequence for the RL element of HSV-2 strain HG52, together with adjacent parts of UL. The major objective of this work was to compare the HSV-1 and HSV-2 sequences in order to gain better insight into the functional roles of RL; the HSV-2 sequence analysis also yielded detailed information on the counterparts of the IEll0 gene, the ICP34.5 gene and nine genes in UL.
Results

Nomenclature
We previously introduced a general nomenclature for HSV-1 genes in the short unique region (Us) (McGeoch et al., 1985) and UL by numbering genes in each region (US1 to US12, UL1 to UL56); this freed gene names from reference to proposed functions, Mrs of encoded proteins and expression characteristics. We believe that it is now useful to have a corresponding nomenclature for genes in RL: we refer to the HSV-1 gene encoding ICP34.5 as RL1, and to the immediate early gene encoding IEll0 (Vmw110, ICP0) as RL2. In this paper we use these names for HSV-1 genes and their HSV-2 equivalents. If the LAT transcription unit (see below) is ever assigned a protein-coding function, it could be regarded as RL3.
Methods
DNA sequence determination. Four plasmid-cloned fragments of HSV-2 strain HG52 DNA were used for sequence determination: BamHIf(cloned in pAT153; Whitton et al., 1983) , BamH1 g (cloned in pAT153, from A. J. Davison) and BamHI p and BamHl c (cloned in pUCI8 for this study). HSV-2 inserts were recovered by BamHI digestion and agarose gel electrophoresis, fragmented by sonication and cloned into the SmaI site of M13mp8.
Sequences of the M13 clones were generated by chain termination methods (Bankier & Barrell, 1989) . 7-deaza-2'-deoxyguanosine 5'-triphosphate was generally substituted for dGTP (Mizusawa et al., 1986) . Sequences were compiled using the program set of Staden (1982) . Regions presenting problem sequences were resolved using electrophoresis in a 6% polyacrylamide gel containing 9 M-urea, with a water jacket maintained at approximately 80 to 85 °C. Some use was also made of Taq DNA polymerase (Promega) and Bst DNA polymerase (Bio-Rad) for elongation reactions at 70 °C. For more than 95 % of each sequence, data were obtained for both strands.
Sequences across BamHI sites representing boundaries between adjacent plasmid-cloned fragments were obtained using the polymerase chain reaction (PCR) with Taq DNA polymerase (Saiki et al., 1988) and Vent DNA polymerase (New England Biolabs). Using genomic DNA as template with suitable oligonucleotide primers, DNA fragments across the BamHI sites were amplified, cloned into M13mp9 and sequenced.
DNA sequence interpretation. The GCG program set was used for analysis of sequences (Devereux et al., 1984) . The program PTrans (Taylor, 1986 ) was used to prepare the listings shown in Fig. 2, 3 and 7.
Numbering of DNA sequences. The HSV-1 strain 17 sequence in Fig.  4 , 6 and 7 is numbered acccording to McGeoch et al. (1988) , with changes imposed by corrections at two loci. First, the coding region of the ICP34.5 gene in RL was corrected by deletion of residues 823 and 824 in TRL, and the corresponding residues in IRL (125547 and 125548) (A. Dolan, E. McKie, A. R. MacLean & D. J. McGeoeh, unpublished data) . Second, results in this paper correct the UL56 coding sequence by addition of two residues after residue 116343. The net effect of these changes is that the numbering for the region of HSV-1 RL in Fig. 6 remains unchanged, and in Fig. 7 changes at residue 125547.
Determination of the sequences of HSV-2 R L and adjoining regions
We have determined the sequences of two sections of HSV-2 strain HG52 DNA: a region containing the left end of UL and the TRL/UL junction (listed in Fig. 2) , and a region containing the right end of UL, the whole of IRL and part of IRs (Fig. 3) .
As shown in Fig. 1 , the region of HSV-2 DNA represented by BamHI fragments f, p and g encompasses the whole internal copy of RL (IRL), together with adjacent parts of UL and IRs. Analysis by PCR of the sequences across the BamHI sites between f and p, and between p and g, showed that fragments p and g were contiguous in the genome but that a previously unsuspected 9 nucleotide sequence lay between the BamHI sites at the neighbouring termini of f and p; this latter result was obtained with seven M 13 clones made in two separate PCR amplification experiments. The whole sequence determined comprised 16465 nucleotides of composition 74.1~ G+C.
Comparison with the sequence data of Davison & Wilkie (1981) for the HSV-2 'joint' region (the junction of IRL and IRs) showed that 2847 bp of BamHI g lay in IRs; this part is not dealt with in the present paper. The left 13618 bp of the sequence represent the right extremity of UL and the whole of IRL, and this part is listed in Fig. 3 .
We also sequenced part of the BamHI c sequence, which runs from TRL into the left end of UL, and this is listed in Fig. 2 . Not all of the TRL part of BamHI c was determined. Comparison of the sequences in Fig. 2 and 3 located the TRL/UL and UL/IRL boundaries: the left end of UL is at residue 172 in Fig. 2 and the right end is at residue 4355 in Fig: 3 . The version of IRL listed in Fig. 3 , including one copy of the a sequence (see Fig. 1 Fig. 1 . Organization of the HSV genome around the long repeat elements. The top part of the figure shows an outline arrangement of the major elements in the genomes of HSV-1 and HSV-2. UL and Us are bounded by pairs of inverted repeats (TRL and IRL; IRs and TRs). There is a terminally redundant element (the a sequence); at least one copy of this is present in inverted orientation at the IRL/IRs boundary (a'). The lower sections of the figure indicate locations of genes of HSV-2 adjacent to the ends of UL and in RL, as listed in Fig McGeoch et al., 1988) with the exception that the intron shown in RL1 is specific to HSV-2. The locations of HSV-2 BamHI fragments f, p and g are indicated at the bottom of the figure. The 1 kbp scale marker applies to both expanded sections.
contains 9263 bp of composition 75-4~ G+C. The sequences determined at the left and right ends of UL contained 5658 and 4355 bp, of composition 63.1~ and 66-2~ G + C respectively. Fig. 4 illustrates the overall relationship between these HSV-2 DNA sequences and their counterparts in HSV-1 in four two-dimensional comparative plots, and shows that the two parts of HSV-2 UL sequenced are closely similar to and collinear with the corresponding parts of HSV-I UL, whereas the RL sequences are generally more divergent. Alignments using the GCG program Bestfit showed 80.2~ and 75.5~ identity between the HSV-1 and HSV-2 sequences for the left and right portions of UL, respectively. The HSV-2 UL sequences contain ORFs which correspond closely to the gene organization proposed for HSV-1 McGeoch et al., 1988) . The left part of HSV-2 UL contains equivalents of HSV-1 genes UL1 to UL4 and part of UL5; the right part of UL contains equivalents of UL54 to UL56 and part of UL53 (see Fig. 1 ). Tables 1 and 2 summarize information on the locations of genes in the HSV-2 sequences, and on properties of the encoded proteins, respectively; data on the two protein coding genes recognized in RL are also included (see below). R L contains a number of sets of short, tandemly reiterated elements and other 'simple' sequences. Prominent tandem repeat sets are indicated in Fig. 2 and 3 as families 1 to 7. The junctions between TRL and UL, and between UL and IRL are defined by the occurrence of family 1 at the extremity of RL. In the case of the IRL clone sequenced (Fig. 3) , this arrangement is a little obscured by the fact that the repeat family occurs in a minimal version of one complete plus one partial copy; however, in the TRL clone there are three complete copies and one partial copy (Fig. 2) . At each UL/R L junction, on the UL side of the junction there is a TATA box-like sequence. The organization of the HSV-2 UL/R L junctions is thus very similar to that found previously for HSV-1 , for which it was suggested that the TATA box sequences were perhaps functional in expressing genes UL1 and UL56.
Organization of the HS V-2 genome adjacent to the ends of UL and in R L
Aspects of sequenced genes adjacent to the left end of HSV-2 UL
The amino acid sequences encoded by the nine HSV-2 UL genes wholly or partly sequenced are closely similar to their HSV-1 counterparts (see Table 2 ), and we shall not discuss them in detail. This and the following section treat some points on the structure and function of the UL genes which arose from evaluation of the HSV-2 data. 
CCCTTCCCCCGTTACTGATGTGTTGTACGTTTCAATAAATAACACGTAGCTTATTTTGTTGGATGATGGATTGATTGATTTTATTGACCGTTCGT~C~C~GGCGG~CG~c~G~c 2760 GCAGAGGGAATATGCAAGCGGGCGGGGTGGG GAG GAAAGAAG GTTTCAGGT TC CGGGG GTTGG GTCTGC GTCGTC CAGG GTGGGGC TGATC TGAATTTCC C GCAGAAC C TCGACCAGTAG 2880 In HSV-2 there are two ATG sequences (residues 198 to 200 and 258 to 260 in Fig. 2 ) upstream of the UL10RF which are not conserved in HSV-1. These are out-offrame with UL1 and were not assigned a coding function. HSV-1 gene UL1 may be a locus at which mutations can give rise to a syncytial plaque phenotype (Little & Schaffer, 1981; . A possible N-terminal signal sequence for translation on membrane-bound ribosomes seen in HSV-1 UL1 is conserved in HSV-2. In gene UL3 a possible near N-terminal signal sequence is present in both HSV-1 and HSV-2.
Gene UL2 encodes the DNA repair enzyme uracil-DNA glycosylase in HSV-1 (Mullaney et al., 1989) and HSV-2 (Worrad & Caradonna, 1988) . A cDNA clone corresponding to UL2 of HSV-2 strain 333 was sequenced by Worrad & Caradonna (1988) , and it was found that most of the sequence was clearly similar to that for the HSV-1 UL2 region, but that the HSV-2 sequence was dissimilar in its first 390 nucleotides, across the proposed start of the ORF encoding uracil-DNA glycosylase. However, we have found that the similarity between the HSV-1 sequence and our HSV-2 sequence does continue across the 5' regions of the genes, and that residues 1 to 390 in the sequence of Worrad & Caradonna originate from another HSV-2 gene, US2 (McGeoch et al., 1987) ; their cDNA clone was thus probably formed artefactually in vitro.
Previously, we put forward two possible candidates as ATG translation initiation codons for HSV-1 UL2, the upstream of which lay within the UL1 coding region . In our HSV-2 sequence, the first possible ATG initiation codon of HSV-1 is conserved whereas the second possible ATG of HSV-1 is not conserved. The HSV-2 sequence possesses an additional ATG, lying between the locations of the two HSV-1 ATG sequences, in the correct reading frame and not overlapping the UL10RF. We consider that this locus must be regarded as the primary candidate for the translation initiation site of HSV-2 UL2, as shown in Fig. 2 . The HSV-1 sequence aligned with this site is ACG (residues 10123 to 10125 as numbered by McGeoch et al., 1988) . ACG is known as an alternative initiator of translation (see for instance Curran & Kolakofsky, 1988; Gupta & Patwardhan, 1988) so it is possible that this codon is a translation initiator for HSV-1 UL2.
Aspects of sequenced genes adjacent to the right end of HSV-2 UL
The HSV-2 sequence determined at the right end of UL includes the whole of the 545 bp non-coding region 
CGC CTGGGGCAC CAGCAGC C AGCGC CGCAGGAGCGAG GACGCG GC CGGCGCGCTCTCGAC C GCGGT TCC CGAGTCGTACGCAGGGAC CATTTGGGAGTCTGCGGTTGGGAGCGCGCCGGG 13080 AQPVLLWRRLLS SAAPASEVATGSDYAPVMQSDATPLAGP 34
~ii~ ; Fig. 2 , and for UL53 to UL56, RL2 and RL1 refer to Fig. 3 . RL1 261 27906 62.7 1" The locations of proposed protein coding regions are given, from the first residue in the translation initiation codon to the last residue preceding the stop codon at the end of the exon. Leftward oriented genes are marked C.
The 5' terminus of UL54 mRNA is from Whitton et al. (1983) . Other figures are tentative, based on features of the DNA sequence or on HSV-I data.
§ The location of the polyadenylation-associated sequence (AATAAA or ATTAAA) proposed for each transcript is indicated by the position of the 5' residue in the sequence; the actual 3' terminus of the transcript would then be 20 to 30 nucleotides downstream. between genes UL53 and UL54, which contains regulatory sites for transcription of the immediate early gene UL54 (Whitton et al., 1983) . Part of this section, together with the non-coding sequence at the 3' end of gene UL54, has been sequenced previously by Whitton et al. (1983) for strain HG52. There are some small differences in the two versions.
Comparison of the HSV-2 UL56 sequence with its HSV-1 counterpart revealed an apparent frameshift adjacent to the 3' end of the HSV-10RF. analyses of both sequences confirmed that the HSV-2 sequence was correct, but that in determining the HSV-1 sequence a compression had been incorrectly resolved, so that the published version of the HSV-1 UL56 sequence contains an error . To correct this, 'CG' should be inserted after residue 116343 of the complete HSV-1 sequence as numbered by McGeoch et al. (1988) : that is, residues 116337 to 116351, AGCCGCGCCGCGCGT, become AGCCGCGCGCCGCGCGT. The effect of this change on the amino acid sequence predicted from the HSV-1 UL56 gene is to remove two amino acids from the C terminus and add 40, to yield a total length of 234 amino acids. Both the revised HSV-1 sequence and the HSV-2 sequence possess an uncharged and highly hydrophobic section of 18 amino acids immediately adjacent to the C-terminal Arg residue (see ~. 
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* Splice donor and acceptor consensus sequences are from Mount (1982) . Partially conserved sites are in lower case; 'y' and 'r' represent pyrimidine and purine nucleotides respectively; 'b' represents 'c' or 'a'. Splice positions are marked . Numbers for HSV-2 sequences are as in Fig. 3 , with leftward 5' to 3' sequences indicated by C .   Fig. 3) ; this structure could well constitute a transmembrane anchor domain, although there is no indication of a corresponding N-terminal hydrophobic signal sequence in either instance. In other respects the HSV-2 data support the interpretation of the HSV-1 UL56 gene, which was previously considered somewhat tentative. Two possible ATG codons upstream of the assigned HSV-1 UL56 ORF and out-of-frame with it are not conserved in HSV-2. HSV-2 possesses an in-frame ATG 10 codons upstream of the start site shown in Fig. 3 , which could form an alternative translational start.
Organization of the HSV-2 immediate early gene in R L
In analysing the sequence of HSV-2 RL there are three topics to be addressed: function of the region between UL and the RL2 gene, part of which is transcribed into LAT species; organization of the immediate early gene (RL2) encoding IE118 (counterpart of HSV-1 IE110); and function of the region between the RL2 gene and the a sequence. Since the RL2 gene is the best characterized entity in HSV-I RL, its HSV-2 counterpart is dealt with first.
The HSV-1 immediate early gene, encoding the transcriptional modulator IE110 or ICP0, is considered to possess three exons, all containing coding sequences, and to have an extensive upstream transcriptional regulatory region (Perry et al., 1986; Mackem & Roizman, 1982) . DNA sequences in HSV-2 RL related to the HSV-1 IE110 coding sequences were readily located (see Fig. 4c and d) . Appropriately positioned counterparts for transcriptional regulatory and polyadenylationassociated elements also exist. The HSV-2 regions corresponding to the two HSV-1 introns were not conserved in size or sequence, but were bounded by appropriately located potential splice donor and splice acceptor sequences, as shown in Table 3 . It therefore is reasonable to propose that these regions (residues 11 241 to 10835 and 10155 to 9975 in Fig. 3 ) are introns in the HSV-2 RL2 gene; the lack of sequence conservation of the proposed introns with their HSV-1 counterparts is in accord with properties of introns in general. The sequence data are thus thoroughly consistent with the HSV-2 RL2 gene having an organization closely similar to that of the HSV-1 gene, as shown in Fig. 3 . Nonetheless, authentication by direct transcript mapping should be undertaken. Two sets of tandemly reiterated sequences occur within the HSV-2 gene. Family 4 almost fills the downstream intron, whereas family 3 occurs in exon 3 and is thought to encode protein (see below).
The predicted amino acid sequences for HSV-1 IE110 and HSV-2 IE118 are aligned in Fig. 5 , and present some interesting features. In the sequence encoded by the second exon, the region of conserved Cys and His residues originally noted for the homologous proteins of HSV-1 and varicella-zoster virus (Perry et al., 1986 ) is present also in HSV-2 (residues 126 to 166). Characteristically similar sequences have also been noted recently in certain non-herpesviral proteins (Freemont et al., 1991) .
The central part of the HSV-2 IEll8 sequence (representing approximately the first 394 amino acids encoded by exon 3; residues 252 to 645) is relatively poorly conserved in comparison to the regions encoded by exon 2 and the distal part of exon 3. The sequences in this central region are notably hydrophilic. At residues 589 to 627 in the HSV-2 protein there is a set of seven copies plus one partial copy of the sequence Ala-(Ser)4; this is encoded by repeat family 3 (see Fig. 3 ). The aligned HSV-1 sequence is also serine-rich but is not perfectly reiterated. A basic region (residues 511 to 516) is conserved, which is proposed to form a nuclear localization signal (Everett, 1988) . To summarize these comparisons, the two proteins have regions of about 200 residues adjacent to both their N and C termini which are well conserved in length and in identity of aligned residues; these are separated by a poorly conserved, hydrophilic region. These features could suggest a structure in which the N-and C-terminal regions form separate functional domains and are linked by an extended hydrophilic structure of mostly less critical functional importance. This view is broadly compatible with analyses of HSV-1 IEll0 function (reviewed by Everett et al., 1991) .
Examination of the sequence of R L lying between the immediate early gene and UL
Between the downstream ends of the HSV-1 and HSV-2 RL2 genes and the UL/RL boundaries there are regions of 3.7 kbp and 3.9 kbp, respectively. In both HSV-1 and HSV-2, the 5' portions of LAT species are transcribed from within this location and overlap the RL2 genes (Wagner et al., 1988a; Mitchell et al., 1990a ; see Fig. 1 ). A major aim of our HSV-2 sequence analysis was to use comparisons of DNA sequence in this region to gain insight into LAT organization and function. Fig. 4(c) shows in an overview manner that the HSV-1 and HSV-2 sequences in this region are significantly divergent. Some similar sequences do exist towards the UL end of the region, and effort was put into constructing an alignment of these, which proved a non-trivial task. The DNAs are G+C-rich and also contain many repetitive and simple elements; these factors give rise to the high background seen for the region in Fig. 4 , and similarly they obscure attempts to discern genuinely homologous parts of the two sequences. Another factor is that convincingly homologous regions may be separated by other regions the sizes of which differ widely between the two DNAs. An alignment was produced for part of the region, as shown in Fig. 6 . This was generated by first using plots such as those in Fig. 4 and making local alignments with the GCG Bestfit program to identify HSV-1 and HSV-2 sequences judged to be unambiguous, genuine homologues; these loci are indicated in Fig. 6 . Alignments of flanking regions were then made with the Bestfit program. No convincing alignment was made between the UL/RL boundary, at residue 4356, and the start of the sequences in Fig. 6 , at residue 4984. Between the main alignment in Fig. 6 and the downstream ends of the RL2 genes only one additional feature was judged worth registering: as shown separately at the foot of Fig.  6 , this encompasses the mapped 5' terminus of HSV-1 LAT (Wagner et al., 1988a) .
Thus, although similarities exist upstream of and at 
Sequence of the HSV-2 long repeat
3069 CCCACCCACCCCACGCCCCCACTGAGCCCGGTCGATCGACGAGCACCCCCGCCCACGCCCCCGCCCC ..... TGCCCCGGCGACCCCCGGCCCGCACGAT 118252 CCCACCTACCCCGCGCCCGCA..GCCTCCGGCAGCACGCCGACCACCGCCGCCACCCCCCAAACAGCCAAGGCGCGGTGGGGGGCGTGGTGGTGAACGAT 5081 CCCACC-ACCCC-CGCCC-CA--G---CCGG--G--CG-CGA-CACC-CCGCC--C-CCC---C--C ...... GC---GG-G--C---G .... G-GCCCCCCGCCCCGCGCCGGTCCATTAAGGGCGCGCGTGCCCGCGAGATATCAATCCGTTAAGTGCTCTGCAGACAGGGGCACCGCGCCCGGAAATCCATT 118692 GCGGCCGGCCCCACGCCCTTCCATTAAACACTCCCACGTTGGGGGGGGGCGCGCCAGCTGAGTGCTCTGCGGTTGCGGGCGCCGTGCCCGGAGATCCATT 5770 GC--CC-GCCCC-CGCC--TCCATTAA---C-C-C--G---G-G-G ........ C-G-T-AGTGCTCTGC-G .... GGGC-CCG-GCCCGGA-. GCCGATCG-G-G-G---C---AGA ...... G ........ CG ......... GC-CT-C .... C-CCC--C ....... > GCGGCCAAGGGGCGTCGGCGACATCCTCCCCcTAAGCGCCGGCCGGCCGCTGGTCTGTTTTTTCGTTTTCCCCGTTTCGGGGGTGGTGGGGGTTGCGGTT 118972 CCCCCTCTCTTCCCCCTTTTTTCCCCCGCCTCCCGTCTTCTTCCGCGCCTCCGAGGGTCCGCCTCTTGCCTCGGGGACCCCCGGGCGGGCCGGGGCTTGG 6058 -C--C ....... C--C ........ CC--CC-C .... C--C--CCG--C .... G---GT ....... TT--C-C-G---C .... G-G--GG--G--GC ....
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results were negative. For the HSV-2 LAT region outside the RL2 gene sequence, ORFs do exist, but are not similar to ORFs in the HSV-1 LAT region. The HSV-2 LAT region outside the RL2 gene sequence, like that of HSV-1, does not show signs of three nucleotide based bias in nucleotide composition, the presence of which is characteristic of most HSV-I coding sequences . These outcomes, together with the dissimilarity of the HSV-1 and HSV-2 sequences, are all consistent with there being an absence of extensive protein coding sequences in either LAT region outside of the RL2 gene.
In the region where the LAT transcripts overlap the RL2 coding sequence (about 530 bp), the HSV-1 and HSV-2 DNA sequences are highly similar. We believe that this represents primarily the coding requirements of the RL2 genes. Putative encoded amino acid sequences in all three reading frames in the LAT orientation also show considerable similarities between HSV-1 and HSV-2, but the distribution of stop codons differs. A region of the HSV-1 DNA which has been discussed as a possible LAT protein coding sequence is the so-called ORF2 (Wagner et al., 1988a) , which lies across the 3" end of the RL2 coding sequence. In HSV-2 the counterpart of ORF2 is disrupted by two stop codons within the region overlapping the RL2 coding sequence. We interpret this observation as indicating that ORF2 is not, at least in its entirety, a real functional entity.
Recently, Doerig et al. (1991) have expressed the 3'-terminal 112 codons of HSV-1 ORF2 (which overlap the RL2 coding sequence) in Escherichia coli as a trpE fusion protein, raised antiserum to the product and shown that a protein reacting with the antiserum was detectable in neurons latently infected with HSV-1. These observations are not readily reconcilable with our sequence interpretations. One possibility is that, if part of ORF2 is indeed translated in neurons, the mRNA involved may be an as yet uncharacterized species. Dobson et al. (1989) suggested that HSV-1 LAT might in fact be an intron transcript of unusual stability excised from a larger transcript. This proposal is compatible with a number of properties of the LAT, namely its nuclear location, lack of polyadenylation, apparent lack of protein coding function and the fact that the mapped 5' terminus is located in a sequence which conforms excellently to the splice donor consensus (Fig. 6 and Table 3 ). In a recent paper, Farrell et al. (1991) tested this proposal by identifying a potential splice acceptor site in the locality of the 3' terminus of the LAT, transferring a copy of LAT DNA including putative splice sites into a plasmid-borne E. coli lacZ gene, and expressing this in tissue culture cells. They observed that the LAT sequence was indeed spliced out of the lacZ transcript.
Features of the HSV-2 RL sequence are consistent with LAT being an intron sequence. First, there is an appropriately located candidate for a splice donor sequence at the 5' end of LAT (around residues 6591 to 6599 in Fig. 3 and 6 ; see Table 3 ). Second, the HSV-2 sequence within exon 3 of the IEl18 gene contains an appropriately located candidate for a splice acceptor sequence (around residues 8790 to 8808 in Fig. 3 ; see Table 3 ), which corresponds in its location to the HSV-1 acceptor sequence identified by Farrell et al. (1991) . Third, as outlined above, the HSV-2 LAT region that does not overlap the RL2 gene does not exhibit characteristics of protein coding DNA. Last, in the same region the HSV-1 and HSV-2 sequences are markedly divergent, as has been seen for the introns in the US1 and US 12 genes of HSV-1 and HSV-2 (Whitton & Clements, 1984) , and for the HSV-1 introns and their corresponding HSV-2 sequences in the RL2 genes as described above.
If the LAT sequence is generated as an intron, then a transcript containing the flanking exons must also exist. We have evaluated the protein coding potential of such a transcript in the sequences 5' and 3' to the LAT intron. In the region between the proposed TATA box (locus 6 in Fig. 6 ) and the splice donor site, the HSV-1 sequence contains three potential ATG translation initiation codons, but HSV-2 possesses none, and reading frames are not conserved between the sequences. It is thus unlikely that this region encodes protein.
The proposed LAT splice acceptor sites lie within the exon 3 protein coding sequences of the RL2 genes. In both cases the acceptors are just 5' (in the LAT orientation) of the sequences which in the opposing, RL2 gene orientation encode the serine-rich parts and the remainder of the poorly conserved central regions of the IE110 and IE118 polypeptides. The first potential ATG codons after the proposed LAT splice lie 653 and 552 nucleotides downstream in HSV-1 and HSV-2 respectively. We have not succeeded in identifying reading frames which in our view are likely to be genuine. Little is known about the structure of the proposed 'exon transcripts' of the LAT transcription unit; they could, of course, be subject to additional splicing. From the available data it is possible that in HSV-1 the 3' terminus of this transcription unit is adjacent to a polyadenylationassociated sequence, AATAAA, downstream of the IE175 gene within Rs (Mitchell et al., 1990b; Zwaagstra et al., 1990; see Fig. 1 ). Our HSV-2 sequence data for the Rs part of BamHI g indicate that this sequence is also present in HSV-2 (not shown).
Organization of the HSV-2 equivalent of the HSV-1 RL1 gene encoding ICP34.5
Chou & Roizman (1986) and Ackermann et al. (1986) have produced evidence that in HSV-1 strain F a gene, TTTAAAGCGGTGGCGGCGGGCAGCCCGGGCCCCCCGCG...GCCGAGACTAGCGAGTTAGACAGGCAAGCAC.TACTCGC~TCTGCA~GCACATGCTTGCCTGTCA~CTCTACCACCCC 125875 ** *** ** ** * ******** * * ** **** *** . ***** * ********** *** ** * **** ***** **** ****** ** **** VWASAARLARRGSWARERADRARFRRRVAEAEAVIGPCLG 230 GTC~G~CTCGGCCGCCcGCCTGGCGCGCCGCGGCTCGTGGGCCCGCGAGCGGGCCGACCGGGCTCGGT~CGGCGCCGGGTGGCGGAGGCCGAGGCGGTCATCGG~CGTGCCTGGGG 125167 * ***** ******* ******** ** ** ** ** ***** ***************** * ************** ******* ****************** ********** * GCCTG~AGACGGCCGCGCGCCTGGCCCGACGGGGGTCCTGGGCGCGCGAGCGGGCCGACCGCGACCGGT~CGGCGCCGCGTGGCGGCGGCCGAG~GGTCATCGGACCGTGCCTGGAG 12372 AWETAARLARRGSWARERADRDRFRRRVAAAEAVIGPCLE 218
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CCCGAGGCCCGTGCCCGGGcC~CCGCGGA~CG~CCGGCG~CTCGGTCTAACGTTAC&CCCGAGGCGG~C~GGTCTTCCGCGGAGC~CCGGGAGCTCCGCACC~GCCGCTC 125047 *********** ** ******* ***** between the two sequences in the locality of the ICP34.5 ORF. Aligning the sequences was complicated by the occurrence of tandem reiterations, G + C-rich sequences and a number of addition/deletion differences. The sequences were aligned in the way described above for the UL-proximal part of RL. From these exercises it was possible to propose a coding sequence for an HSV-2 counterpart of ICP34.5. The coding regions of the HSV-1 and HSV-2 RL1 genes are aligned in Fig. 7 , together with the proposed encoded amino acid sequences. As is generally the case in comparisons of substantially divergent DNA sequences, there exist several near equivalent variations of the alignment: the version shown in Fig. 7 is one which is compatible also with optimizing the alignment of the proposed encoded amino acid sequences, and which places padding insertions at codon boundaries. The HSV-2 RL1 coding sequence starts at an ATG (residues 13179 to 13 177 in Fig. 3 and 7) aligned with the HSV-1 initiator ATG proposed by . Both HSV-1 and HSV-2 possess an upstream ATG; in HSV-2 this is at residues 13251 to 13249 ( Fig. 3  and 7) and is blocked by a stop codon after four codons. The HSV-2 coding sequences are interrupted by a set of repeated sequences (family 5) consisting of six complete copies and one partial copy of a 19 nucleotide element which includes a stop codon, TGA, in the RL1 orientation; all three reading frames are thus blocked. We consider that this repeat family must lie within an intron in HSV-2 RLI : as indicated in Fig. 3 and 7, and in Table 3 , it is closely flanked by excellent candidates for splice donor and acceptor sites, use of which would bring the proposed HSV-2 coding sequence back into frame with the distal portion of the HSV-1 RL10RF.
This interpretation of the HSV-2 RL1 gene is supported by the distribution of G + C residues in the first, second and third positions of the proposed codon set (G + C content is higher for the third position), by the pattern of substitutions observed between HSV-I and HSV-2 (substitutions are most frequent in the third position of codons), and by the similarity between the encoded amino acid sequences (62.7 ~o identity of aligned residues). The high incidence of addition/deletion changes for the 5' portions of the ORFs would be unusual for HSV-1 and HSV-2 genes in the UL or Us regions, but is similar to that observed for parts of the immediate early genes in RL (see above) and in Rs (unpublished data).
The HSV-2 DNA sequence has a TATA box candidate sequence aligned with that proposed by to act in transcription initiation of the HSV-1 RL1 gene (see Fig. 7 ), so the 5' end of the HSV-2 RL1 transcript may be adjacent to this. Similarly, the HSV-2 transcript may terminate downstream of the possible polyadenylation associated sequence ATTAAA at residues 11881 to 11 876 (Fig. 3) . Authentication of the HSV-2 RL 1 transcript structure, including the proposed intron, will require direct mapping analyses.
The HSV-2 RL1 gene is predicted to encode a protein of 261 amino acids. Like its HSV-1 counterpart this protein is basic with a high content of arginine residues. The most similar region in the two proteins is near the C terminus (corresponding to the second exon of HSV-2 RL1), in which 63 amino acids in each are aligned without introduction of gaps, and show 83~ identity (Fig. 7) .
Discussion
The sequence data described in this paper for the genes at the extremities of HSV-2 UL show that these regions of the HSV-2 genome are very similar in sequence organization and coding capacity to the corresponding parts of HSV-1 DNA. This finding is similar to published reports for a number of other genes in the unique regions of the HSV-2 genome, both UL (for example, genes ULI1 and UL12, Draper et al., 1986; UL23, Swain & Galloway, 1983; UL27, Stuve et al., 1987; UL30, Tsurumi et al., 1987; UL39, Swain & Galloway, 1986; UL40, McLauchlan & Clements, 1983 ; UL44 and UL45, Swain et al., 1985) and Us (for example, genes US2 to US8, McGeoch et al., 1987) . This relationship is in notable contrast to that found for the HSV-1 and HSV-2 RL regions. Here the sequences are much more diverged, and also exhibit features distinct from those in the unique regions, including a high incidence of short reiterated families and other simple sequences, and an elevated content of G and C residues. These features can be largely accounted for by proposing that a high level of recombination acts on the major repeats of the genome and that there is an associated bias towards raising the G+C content in mechanisms of generation or fixation of mutations; this was discussed previously with regard to the Rs element of HSV-1 . From comparisons of genome structures of HSV and other alphaherpesviruses, it seems probable that RL is the most recently evolved major element of the HSV genome; and it is evidently, on the time scale of the HSV-1/HSV-2 divergence, still in a state of rapid change.
The amino acid sequences of HSV-2 UL and RL genes obtained from our DNA sequence analyses have not given direct new information on gene function, but they have contributed a number of refinements to interpretations based on the HSV-1 sequence alone. For the UL genes these include: the observation of possible signal sequences for membrane-associated translation in UL1 and UL3; the re-interpretation of a possible translation initiation site for UL2; and the correction of the UL56 sequence with consequent identification of a possible transmembrane segment.
The major aim of this paper was to evaluate the functions of the HSV-I and HSV-2 RL elements by comparative analyses. We consider that this has succeeded to the point that the potential of each part of RL can be described at least partially. From the overall divergence between the RL sequences, it is clear that a given region will have remained closely similar in RL of HSV-1 and HSV-2 only if it has a sequence-specific function. In the following paragraphs features of the various elements within RL are discussed in turn.
First, adjacent to UL there is a region, of 630 bp in HSV-2 (Fig. 3) , the sequence of which is not conserved between HSV-1 and HSV-2, and which contains a high level of repetitive and simple elements. In our view it is possible that this DNA has been generated by aberrant recombinational events and does not have a sequencespecific function.
Second, next to this divergent section lie the sequences shown in Fig. 6 , which exhibit extensive similarities in HSV-1 and HSV-2. In part, these related sequences probably represent functional elements in LAT transcriptional control. However, the similarities may be judged to be more extended than would be reasonable for only this function; there are no clues as to the nature of additional roles.
Third, the region encoding the 5' part of the LAT, outside the RL2 gene, is not at all conserved in sequence. As outlined above, the LAT transcript probably is generated as an intron. Its unusual stability presumably represents some special features of the sequence, but details of the structures involved remain unexplored. The function of the LAT transcriptional unit is still not clear. The stable LAT intron could be the important component; most straightforwardly, this could have the role of helping to maintain the latent state by acting as an antisense repressor of RL2 translation, as suggested by several authors (and explored by Farrell et al., 1991) . Alternatively, the LAT may be a by-product and the LAT 'exon transcript', of as yet uncharacterized coding capacity, may be the functional entity. This obscurity is compounded by the work of Doerig et al. (1991), showing ;hat a protein may be expressed from part of the LAT region in latently infected neurons.
Fourth, the immediate early RL2 gene is a clearly defined entity; including upstream control sequences, this accounts for some 4300 bp of RL. Last, the RL1 gene accounts for the remainder of RL to the a sequence. Regarding the structure of the HSV-2 RL1 gene, we consider the interpretation of its coding region to be reasonably secure, with some qualification regarding the 5' terminus, which encodes basic, repetitive amino acid sequences. Knowledge of the structure of HSV-2 RL1 transcripts is, however, still incomplete and needs further work.
